The adult brain contains niches of neural stem cells that continuously add new neurons to selected circuits throughout life. Two niches have been extensively studied in various mammalian species including humans, the subventricular zone of the lateral ventricles and the subgranular zone of the hippocampal dentate gyrus. Recently, studies conducted mainly in rodents have identified a third neurogenic niche in the adult hypothalamus. In order to evaluate whether a neural stem cell niche also exists in the adult hypothalamus in humans, we performed multiple immunofluorescence labeling to assess the expression of a panel of neural stem/progenitor cell (NPC) markers (Sox2, nestin, vimentin, GLAST, GFAP) in the human hypothalamus and compared them with the mouse, rat and a non-human primate species, the gray mouse lemur (Microcebus murinus). Our results show that the adult human hypothalamus contains four distinct populations of cells that express the five NPC markers: (a) a ribbon of small stellate cells that lines the third ventricular wall behind a hypocellular gap, similar to that found along the lateral ventricles, (b) ependymal cells, (c) tanycytes, which line the floor of the third ventricle in the tuberal region, and (d) a population of small stellate cells in the suprachiasmatic nucleus. In the mouse, rat and mouse lemur hypothalamus, co-expression of NPC markers is primarily restricted to tanycytes, and these species lack a ventricular ribbon. Our work thus identifies four cell populations with the antigenic profile of NPCs in the adult human hypothalamus, of which three appear specific to humans.
| I N TR ODU C TI ON
Neural stem cells persist in the brain of vertebrates beyond development (Doetsch, 2003) . In adult mammals, the two best-described neural stem cell niches are the subventricular zone (SVZ) that lines the wall of the lateral ventricles, and the subgranular zone (SGZ) at the base of the hippocampal dentate gyrus (Alvarez-Buylla & Lim, 2004; Ming & Song, 2005) .
These niches harbor neural stem cells that self-renew throughout life and generate new neurons and glial cells that are functionally integrated into selected circuits and participate in specific brain functions such as learning, memory and odor discrimination (Gonçalves, Schafer, & Gage, 2016; Lledo & Valley, 2016) . Almost two decades ago, a study performed in the golden hamster reported for the first time the generation of new neurons in the adult hypothalamus (Huang, DeVries, & Bittman, 1998 ), a small diencephalic region surrounding the third ventricle and involved in the control of vital processes such as energy metabolism, reproduction, biological rhythms and other homeostatic processes. Since then, a number of studies have accumulated suggesting that neurons and glial cells are generated from local neural stem/progenitor cells (NPCs) in the hypothalamus throughout life (Batailler et al., 2014; Chaker et al., 2016; Gouaz e et al., 2013; Haan et al., 2013; Jourdon et al., 2015; Kokoeva, Yin, & Flier, 2005 Lee et al., 2012; Li, Tang, & Cai, 2012; McNay, Briançon, Kokoeva, Maratos-Flier, & Flier, 2012; Pencea, Bingaman, Wiegand, & Luskin, 2001; P erez-Martín et al., 2010; Pierce & Xu, 2010; Robins et al., 2013; Robins et al., 2013) . Hypothalamic NPCs are regulated by various physiological factors and pathophysiological conditions (Rojczyk-Gołe R biewska, Pałasz, & Wiaderkiewicz, 2014; Sharif, Ojeda, & Prevot, 2014) , and hypothalamic neurogenesis, while it occurs at a lower rate than in the two classic niches (Migaud et al., 2010) , has functional significance for the control of energy metabolism (Djogo et al., 2016; Gouaz e et al., 2013; Kokoeva et al., 2005; Lee et al., 2012 Lee et al., , 2014 Li et al., 2012; Li, Tang, Purkayastha, Yan, & Cai, 2014; Pierce & Xu, 2010) . Several different, and non-exclusive, hypotheses have been proposed concerning the identity and location of hypothalamic NPCs: some studies suggest that they reside within the hypothalamic parenchyma (Kokoeva, Yin, & Flier, 2007; Li et al., 2012 ; Sarah C. Robins et al., 2013) , some that they are subependymal astrocytes located in a region of the mid third ventricle (P erez-Martín et al., 2010) , and others that they are a subpopulation of tanycytes, ependymoglial cells that line the ventral portion of the third ventricle (Chaker et al., 2016; Haan et al., 2013; Jourdon et al., 2015; Lee et al., 2012; Robins et al., 2013) .
Most of our knowledge of adult neural stem and progenitor cells comes from rodent models, and few studies have been conducted in humans. Neuroanatomical studies and the recently developed technique of 14 C dating have confirmed that cells exhibiting neural stem cell properties and neurogenesis persist in the adult human brain (Bergmann, Spalding, & Fris en, 2015) . While the hippocampal neurogenic system in adult humans exhibits features similar to that of rodents, that is, the local generation of dentate granule neurons from nearby neural stem cells (Eriksson et al., 1998; Ernst et al., 2014; Knoth et al., 2010; Spalding et al., 2013) , the SVZ neurogenic system appears to differ significantly between human and rodents. Not only does the cellular organization of the niche differ (Quiñones-Hinojosa et al., 2006; Sanai et al., 2004) , but newborn neurons adopt a different fate, migrating into the adjacent striatum to become medium spiny neurons (Ernst et al., 2014) instead of migrating long distances along the rostral migratory stream to become part of the olfactory bulb circuit (Bergmann et al., 2012) as in rodents (Ming & Song, 2005) .
A recent neuroanatomical study has revealed the presence of cells expressing the neuroblast marker doublecortin (DCX) in the adult human hypothalamus (Batailler et al., 2014) , raising the possibility that neurogenesis, and a neural stem cell niche, may exist in this region in humans. While the expression of the NPC markers nestin and vimentin has been reported in the adult human hypothalamus (Baroncini et al., 2007; Dahiya, Lee, & Gutmann, 2011; Nogueira et al., 2014) , there has been no detailed mapping of the expression of a repertoire of NPC markers in the adult human hypothalamus as yet.
Here, we carried out a neuroanatomical characterization of the expression of a combination of NPC markers in the adult human hypothalamus, along with the SVZ and SGZ. To evaluate potential interspecies variability, the expression of NPC markers in the adult hypothalamus was concomitantly analyzed in the mouse, rat and a nonhuman primate species, the gray mouse lemur (Microcebus murinus). A total of nine brains were obtained from autopsies (average age 81 years, range 60-92 years; average postmortem delay 23 hr, range 8-41.5 hr). The brain samples were taken from patients that donated bodies to Science in compliance with the French laws on bioethics.
| M A TER I A LS
Structures were identified by reference to an atlas of the human brain (Mai, Paxinos, & Voss, 2008) .
One 11-week-old (menstrual age) human fetus was obtained after elective abortion from the Gynaecology Department of the University Hospital of Lille. Written informed consent had been previously obtained from the parent.
One de novo glioblastoma multiforme (GBM) sample was obtained from the Neurosurgery Clinic of the University Hospital of Lille. The GBM specimen was obtained at initial surgery of a 65-year-old male.
The tumor was classified and graded by a neuropathologist according to the World Health Organization system (Louis et al., 2007) . Written informed consent had been previously obtained from the patient and/ or his family members. The tissue was processed as described previously (Duhem-Tonnelle et al., 2010). (Romijn et al., 1999) . This treatment completely blocked autofluorescence.
| Rodents
After washing in PB, sections were coverslipped in Mowiol mounting medium (20% Mowiol, 2.5% DABCO in Tris 0.2 M pH 8.5). Control sections were incubated in the absence of primary antibody. Omission of the primary antibody resulted in no staining.
The human fetus was immersion fixed in 4% paraformaldehyde for 4 days at 48C, cryoprotected in 30% sucrose/PBS overnight at 48C, and then processed and subjected to immunofluorescent stainings as described above.
| Rat
Animals were anesthetized by intraperitoneal injection of pentobarbital (70 mg/kg). They were perfused transcardially with a rinse of saline solution (0.9% NaCl), followed by 500 ml of 4% paraformaldehyde in 0.1 M PB (pH 7.4). The brains were removed and immersed in the same fixative for 2-3 hr at 48C. They were then transferred to PB containing 20% sucrose until they had sunk, embedded in Tissue Tek® (Sakura Finetek, Villeneuve d'Ascq, France), and frozen in isopentane cooled with liquid nitrogen. Frozen 14-lm coronal sections were prepared using a cryostat (CM3050, Leica) and collected throughout the full extent of the third ventricle. The sections were mounted onto chrome-alum-gelatin coated slides, air-dried and subjected to immunofluorescent stainings as described above. Anatomical landmarks were determined using the rat brain atlas of Swanson (Swanson, 2004) .
| Mouse
Animals were anesthetized by intraperitoneal injection of xylazine 10 mg/kg (Rompun 2%, Bayer) and ketamine 200 mg/kg (Ketalar, Parke-Davis), perfused transcardially with a rinse of saline solution,
followed by 100 ml of 4% paraformaldehyde in 0.1 M PB (pH 7.4).
After brain removal, post-fixation and freezing, 30-lm free-floating coronal sections encompassing the full extent of the third ventricle were prepared using a cryostat and collected in ice-cold PB. Free-floating sections were subjected to immunofluorescent stainings following the above-described procedure, mounted on chrome-alum-gelatin coated slides, air-dried and coverslipped in Mowiol mounting medium. Anatomical landmarks were determined using the mouse brain atlas from Paxinos and Franklin (Paxinos & Franklin, 2001 ).
| Gray mouse lemur (Microcebus murinus)
Animals were anesthetized by intraperitoneal injection of pentobarbital 5 mg/kg, perfused transcardially with a rinse of saline solution, followed by 120 ml of 4% paraformaldehyde in 0.1 M PB (pH 7.4). After brain removal, post-fixation and freezing, frozen 14-lm coronal sections were prepared using a cryostat and collected throughout the full extent of the third ventricle. The sections were mounted onto chromealum-gelatin coated slides, air-dried and subjected to immunofluorescent stainings as described above. Anatomical landmarks were determined using the Microcebus murinus brain atlas of Bons (Bons, Silhol, Barbi e, Mestre-Franc es, & Albe-Fessard, 1998 We used human fetal cerebral cortex and GBM as positive control tissues to verify the specificity of primary antibodies in human tissues.
In the fetal cerebral cortex, the SRY (sex determining region Y)-box 2 (Sox2) antibody (goat polyclonal # sc-17320 from Santa Cruz) yielded a nuclear staining with decreasing density from the ventricular to the pial surface (Figure 1a) , as reported by others (Vinci et al., 2016) . This antibody detects a single band of 34 kDa on Western blots of human neural progenitor and GBM stem-like cell lysates (Guichet et al., 2013) .
Moreover, immunoreactivity is lost when human embryonic stem cells are treated with a small interfering RNA (siRNA) directed against Sox2 (Adachi, Suemori, Yasuda, Nakatsuji, & Kawase, 2010) . In the adult hypothalamus, a double labeling with another Sox2 antibody (mouse monoclonal # ab79351 from Abcam, 1/300; RRID:AB_10710406)
showed an overlap of the two stainings (Figure 1i , j).
In agreement with previous reports, the nestin antibody stained radial glial cells in the fetal cerebral cortex (Figure 1e ) (Vinci et al., 2016) , tumoral cells in the GBM specimen ( Figure 1h ) (Ludwig & Kornblum, 2017 ) and hypothalamic adult tanycytes ( Figure 6 ) (Baroncini et al., 2007) . This antibody detects a band at 177 kDa, the expected molecular weight, on Western blots of human GBM stem-like cell lysates (Ciechomska, Przanowski, Jackl, Wojtas, & Kaminska, 2016) .
Moreover, inhibition of nestin expression using short hairpin RNA or siRNA transfection in a human lung adenocarcinoma cell line results in decreased immunolabeling (Narita et al., 2014) .
Vimentin was detected in radial glial cells in the fetal cerebral cortex ( Figure 1c ), as described elsewhere (Howard, Chen, & Zecevic, 2006; Vinci et al., 2016) . It was strongly expressed in adult tanycytes (Figure 6b) in agreement with other reports (Baroncini et al., 2007; Koopman, Taziaux, & Bakker, 2017) . The M0725 antibody from Dako detects a band at 54 kDa on Western blots of human mesenchymal stromal cell lysates (Talele, Fradette, Davies, Kapus, & Hinz, 2015) .
Treatment of a human cholangiocarcinoma cell line with siRNA against vimentin suppressed immunoblot and immunofluorescent signals with this antibody (Saentaweesuk et al., 2017) . The two anti-vimentin antibodies used yielded a similar expression profile.
We had previously used the Glial Fibrillary Acidic Protein (GFAP)
antibody (rabbit polyclonal Z0334 from Dako) to stain cerebro-cortical (Duhem-Tonnelle et al., 2010) and hypothalamic (Baroncini et al., 2007) astrocytes in the adult human brain, and tumoral cells and reactive astrocytes in human GBM (Duhem-Tonnelle et al., 2010) . This antibody stained radial glial cells in the fetal cerebral cortex (Figure 1f , g), as described by others (Howard et al., 2006) and it detects a single band at 50 kDa on Western blots of human GBM cell lysates (Tardito et al., 2015) . Western blots of primary human dermal fibroblast cell lysates (Chierico et al., 2017) . The immunoblot signal is lost following siRNA-mediated knock-down of Ki67 in various human cell lines (Sun et al., 2017) .
The Neuronal Nuclei (NeuN) antibody has been used previously to stain mature neurons in the adult human cerebral cortex (Duhem-Tonnelle et al., 2010) and hippocampus (Knoth et al., 2010) . This antibody detects a doublet at 46-50 kDa, the expected apparent molecular weight, in Western blots of human hippocampus autopsy homogenates (Engel et al., 2011) .
The vasoactive intestinal peptide (VIP) antibody has been used previously to immunostain neurons in the monkey and human enteric nervous system (Noorian, Taylor, Annerino, & Greene, 2011) and produced a staining pattern in the suprachiasmatic nucleus ( Figure 7a ) similar to that described in the literature with other antibodies (Hofman, Zhou, & Swaab, 1996; Wang et al., 2015) or using in situ hybridization (van Wamelen et al., 2013) .
The CD68 antibody has been used previously by others to stain microglia in the human brain (Monier, Evrard, Gressens, & Verney, 2006) . As expected for a lysosomal membrane protein, it yielded a cytoplasmic punctuate staining ( Figure 8g ). This antibody detects bands at 110, 70, 40 kDa in Western blots of human lung, spleen and U937 monocytic cell line extracts using reducing conditions. An additional band is detected at 220 kDa in spleen extracts using non-reducing conditions (Pulford et al., 1989 ).
| Rodent
The Sox2 antibody (goat polyclonal # sc-17320 from Santa Cruz) yielded a strong staining in the SVZ (not shown) and in the hypothalamus (Figures 9a, e, i, 10a, e) that recapitulated expression patterns previously described with other antibodies in the mouse (Haan et al., 2013; Li et al., 2012) and rat (Bennett, Yang, Enikolopov, & Iacovitti, 2009; Hoefflin & Carter, 2014) . It also replicates the pattern of mRNA expression determined by in situ hybridization in the adult mouse brain 
| Microcebus murinus
The specificity of the Sox2 and vimentin antibodies was inferred from the similarity in the expression pattern with rodents. Noteworthy, we tested two anti-nestin antibodies, MAB1259 from R&D Systems and MAB353 clone rat-401 from Millipore, recognizing human and rodent nestin, respectively, but none of them yielded any staining in the gray mouse lemur.
| Histological staining
For anatomical identification of hypothalamic regions and nuclei, coronal cryostat sections were immersed in a solution of Toluidine Blue dissolved at 0.5% in a solution of 1% sodium borate for 6 min at room temperature. After three rinses in water, sections were dehydrated in successive alcoholic solutions: 2 times 5 min in ethanol 708, 7 min in ethanol 708 containing 0.2% acetic acid, 2 times 5 min in ethanol 1008 and 2 times 3 min in xylene. Sections were coverslipped in Eukitt mounting medium (Sigma).
| Microscopy
Analysis of sections and acquisition of images were done using an Axio ribbon cells and 836 6 260 (mean 6 SEM) bud cells were counted per specimen. Noteworthy, the border of the third ventricle was usually less well preserved at its floor, where tanycyte cell bodies are found, thus precluding the quantification of stainings in this cell type. Quantification of stainings in the suprachiasmatic nucleus was made on three hypothalami. While the rodent suprachiasmatic nucleus appears as a high cell density spherical structure clearly delimited after counterstaining for cell nuclei, it is not the case in the human. The localisation of the human suprachiasmatic nucleus was determined using an atlas (Mai et al., 2008) and further verified by an immunostaining for VIP, which is produced by a subpopulation of suprachiasmatic neurons (Hofman et al., 1996) . For quantitative analysis of the stainings, a total of 2931 6 235 (mean 6 SEM) cells were counted on five to seven sections per suprachiasmatic nucleus.
Expression of NPC markers in the dentate gyrus of the hippocampus was analyzed on specimens collected from three brains. Double and triple immunostainings were performed on a total of 20 6 4 (mean 6 SEM) (range 12-26) sections per specimen.
The SVZ was analyzed on samples collected from six brains. Three samples were collected in the dorsal portion of the body of the lateral ventricle, four in its ventral portion and three in the temporal horn.
Notably, three ventral SVZ samples were present in the tissue block containing the third ventricle, enabling comparison between these regions on the same sections. Double and triple immunostainings were performed on a total of 33 6 10 (mean 6 SEM) (range 12-94) sections per specimen.
| Rat
Co-immunolabelings of nestin, Sox2 and vimentin were performed and analyzed on 42-204 sections per animal regularly spaced between plate 17 (i.e., anterior-most part of the third ventricle above the optic chiasm) and plate 38 (i.e., posterior-most part of the third ventricle and end of mammillary nuclei) of the rat brain atlas from Swanson (Swanson, 2004 ).
| Mouse
Triple nestin/Sox2/vimentin immunostainings were performed and analyzed on 9-12 sections per animal regularly spaced between plate 34 (i.e., a region containing the optic chiasm and the anterior part of the suprachiasmatic nucleus) and plate 53 (i.e., posterior-most part of the third ventricle and mammillary nuclei) of the mouse brain atlas from Paxinos and Franklin (Paxinos & Franklin, 2001 ).
| Microcebus murinus
Co-expression of vimentin and Sox2 was analyzed on the male and female specimens on a total of 78 and 60 sections, respectively, encompassing the rostro-caudal extent of the third ventricle, that is, plate 39 to 51 of the Microcebus murinus brain atlas of Bons (Bons et al., 1998) .
| Statistics
Differences in the percentage numbers of NPC marker-expressing cells between the different cell populations were analyzed by one-way analysis of variance (ANOVA) using the SigmaStat software (RRID: SCR_010285). The level of significance was set at p < .05.
| R E SU LTS

| The human hypothalamus
For the neuroanatomical analysis, the hypothalamus was anterocaudally subdivided into four regions: the anterior-most region surrounding the preoptic recess (Figure 2a) , the anterior hypothalamic area containing the optic chiasm, the anterior commissure, the paraventricular and supraoptic nuclei (Figure 2b ), the tuberal region containing the ventromedial, dorsomedial, infundibular nuclei, and the median eminence (Figure 2c, d) , and the mammillary region containing the mammillary bodies and the posterior hypothalamic nucleus (Figure 2e ) (Mai et al., 2008) .
In order to identify putative NPCs, we first mapped the coexpression of the NPC markers nestin and Sox2 in the whole hypothalamus ( Figure 3 ) and then performed triple stainings for nestin, and GFAP (Figure 4o , q) was less ubiquitously detected (Table 3) and occasionally in the proximal parenchyma underlying the subependymal region (Figure 5j-l) .
Notably, some portions of the third ventricular wall were devoid of the gap-and-ribbon organization but exhibited a thick border enriched in intermingled nestin/Sox2-positive cells (Figure 3a 2 ) sometimes bulging into the ventricle (Figure 3a 4 , g, h) and showing systematic interruption of the ependymal layer. These buds were highly variable in size and shape, from long and flat (Figure 3a 2 , a 4 ) to ovoid and protuberant (Figure 3g , h), with frequent strengthening in nestin staining ( Figure   3h ). They contained a rich network of NPC marker-expressing cells (Table 3 ) but were devoid of NeuN-immunoreactive cells (Figure 5j-l) . In the tuberal region, the floor of the third ventricle does not exhibit the gap-and-ribbon organization and is lined by tanycytes whose processes extend into the median eminence (Figure 6a ). Coimmunolabelings showed that Sox2, nestin, vimentin, GLAST, and GFAP were expressed by tanycytes ( Figure 6 ). While nestin and vimentin, GLAST or GFAP were frequently co-expressed in tanycyte processes, long processes expressing each marker separately were also seen in variable proportions between the different specimens.
While nestin and Sox2 expression was mainly restricted to the proximal border of the third ventricle, an exception was seen in the suprachiasmatic nucleus (Figures 2a, b, 7a ), which contained a population of small stellate nestin/Sox2-co-expressing cells at distance from the ventricle (Figure 7b ). The five NPC markers were detected in the suprachiasmatic nucleus (Table 3) . Eleven 6 2.0% of suprachiasmatic cells co-expressed nestin and Sox2, and among this population, 74.7 6 10.4% expressed vimentin (Figure 7c-e) , 80.9 6 5.5% expressed GLAST (Figure 7f-h ) and 65.6 6 10.6% expressed GFAP (Figure 7i-k) , implying that at least 21% of nestin/Sox2-positive cells also express vimentin, GLAST, and GFAP. Since Sox2 expression was previously reported to co-localize with neuronal markers in the rodent suprachiasmatic nucleus (Hoefflin & Carter, 2014) , we performed a triple staining for Sox2, GLAST, and NeuN to evaluate whether NPC markers could be found in NeuN-expressing neurons. NeuN was only expressed in a small fraction of suprachiasmatic neurons (Figure 7m ), as already observed in rats (Geoghegan & Carter, 2008) . We found no Table 4 ). The suprachiasmatic nucleus contained Sox2-positive cells that did not co-express vimentin (Figure 10i-k) .
| The human SVZ and dentate gyrus of the hippocampus
In parallel with the analysis of the human hypothalamus, we evaluated the expression of NPC markers in the two classical neurogenic niches, the SVZ and the hippocampal dentate gyrus. 
| 1431
The SVZ exhibited a similar pattern of NPC marker expression as the third ventricle, with a ribbon of small process-bearing cells coexpressing nestin, Sox2, vimentin, GLAST, and GFAP ( Figure 11 and Table 3 ), separated from the ependymal layer by a hypocellular gap enriched in GLAST (Figure 11i , k) and GFAP immunoreactivity ( Figure   11m , o). Ependymal cells expressed Sox2, GLAST, and, at varying levels, vimentin, nestin and GFAP ( Figure 11 and Table 3 ). This expression profile was observed at the different rostro-caudal and dorso-ventral levels of the lateral ventricle analyzed. However, differences were (Figure 11e, g ).
In the hippocampus, a population of radial stem cells has been described in the SGZ of the dentate gyrus in several species including rodents and non-human primates (Aizawa, Ageyama, Terao, & Hisatsune, 2011; Gonçalves et al., 2016) . We failed to detect Sox2-expressing cells in the dentate gyrus and nestin immunoreactivity was restricted to capillaries (Figure 12a ). The lack of Sox2 staining was not due to a technical detection problem since Sox2 expression was readily observable on the same sections along the border of the temporal horn of the lateral ventricle in ependymal and ribbon cells (Figure 12a, inset) .
No GLAST immunoreactivity was observed in the dentate gyrus region (not shown). Moreover, while GFAP and vimentin were detected in small stellate cells close to the dentate gyrus, they were not seen in subgranular cells with a radial morphology (Figure 12b , c).
| D ISC USSION
Studies conducted in rodents have shown that the adult hypothalamus contains a neurogenic niche, with local NPCs that give birth to glial and neuronal cells in the nearby hypothalamic parenchyma (Chaker et al., 2016; Haan et al., 2013; Li et al., 2012; Robins et al., 2013; Robins et al., 2013) . In the adult human hypothalamus, the recent identification of cells expressing the neuroblasts marker DCX, some of which exhibit a morphology characteristic of very immature neuronal progenitors (Batailler et al., 2014) , raised the possibility that a local niche of NPCs may exist within this structure. Here we identify in the adult human hypothalamus four populations of cells, ependymal cells, ventricular ribbon cells, tanycytes, and suprachiasmatic small stellate cells, which exhibit an antigenic profile of NPCs. In rodents and gray mouse lemur, a similar antigenic profile is essentially restricted to tanycytes.
In order to identify NPCs in the human hypothalamus, we used a series of five markers known to be expressed in these cell types during embryogenesis and adulthood (G€ otz, Sirko, Beckers, & Irmler, 2015; Kriegstein & Alvarez-Buylla, 2009; Kuhn, Eisch, Spalding, & Peterson, 2016; Vinci et al., 2016) . At present, a single marker specific for neural stem cells is not available since markers found in neural stem cells are also expressed in progenitors and/or mature cells. For instance, this is the case for GFAP, which is expressed both in neural stem cells and mature astrocytes, or nestin, which is expressed in neural stem cells, neural progenitors and endothelial cells (Kuhn et al., 2016; von Bohlen und Halbach, 2011) . Higher specificity can however be obtained by using a combination rather than a single marker. In the two main neurogenic niches, the SVZ and the SGZ, neural stem cells have been shown to express a repertoire of markers including GFAP, nestin, Sox2, GLAST, vimentin, BLBP, and Pax6 (Kriegstein & Alvarez-Buylla, 2009; von Bohlen und Halbach, 2011) . Therefore, we performed triple immunostainings for nestin, Sox2 and vimentin, GLAST or GFAP and we Summary of the expression of NPC markers in the adult human hypothalamus, SVZ, parenchyma and hippocampal dentate gyrus In the parenchyma lying behind the hypocellular gap of the third and lateral ventricles, and in the hippocampal dentate gyrus, vimentin and/or GLAST are detected in small stellate cells at a lower frequency than GFAP-positive cells (1/2), suggesting that they are expressed by subpopulations of astrocytes. SCh, suprachiasmatic nucleus; SVZ, subventricular zone of the lateral ventricles. Quantification of the stainings in the hypothalamus is given as mean 6 SEM.
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| 1433 considered that cell populations expressing all markers were the best candidates for being considered as neural stem or progenitor cells (Kuhn et al., 2016) . Noteworthy, technical constraints preclude the concomitant detection of the five markers of interest at the same time.
However, our quantitative analysis showed that at least a fraction of nestin/Sox2-positive cells also expressed vimentin, GLAST, and GFAP.
Interestingly, GFAP discriminates neural stem cells from neural progenitors in the two classical niches in rodents since neural stem cells express GFAP but neural progenitors lose its expression (Doetsch, 2003) . In addition, a recent study in mouse suggested that among tanycytes, a subpopulation of GFAP-positive alpha tanycytes exhibited neural stem cell properties (Robins et al., 2013) . Therefore, if the repertoire of markers expressed by rodent neural stem cells is conserved in humans, it may be speculated that the nestin/Sox2/vimentin/GLAST/ GFAP-immunoreactive ribbon, ependymal, suprachiasmatic cells, and tanycytes are neural stem cells.
The ribbon of NPC marker-immunoreactive small stellate cells lining the human third ventricle is highly reminiscent of the ribbon of astrocytes described by Sanai and colleagues along the human lateral ventricles (Sanai et al., 2004) . In their study, the authors identified a band of stellate cells separated from the ependyma by a hypocellular gap. SVZ ribbon cells expressed GFAP, vimentin and some of them were immunoreactive for Ki67. Importantly, by preparing astrocyte cultures from intraoperative specimens, they showed that SVZ astrocytes were capable of generating multipotent, self-renewing neurospheres, suggesting that they were bona fide neural stem cells. In the present study, and in agreement with Sanai and colleagues, the SVZ ribbon lin- FIGUR E 9 Expression of NPC markers along the third ventricle of the mouse (a-h), rat (i-k) and gray mouse lemur (l-q). Representative photographs were taken at the level of the tuberal region of the hypothalamus. The rat third ventricle is shown as a whole while the third ventricle from the mouse and gray mouse lemur is shown in its most dorsal (a-d, l-n) and ventral (e-h, o-q) portions. Co-immunostainings of Sox2 (magenta, a, e, i, l, o), nestin (green, b, f, j) and vimentin (white, c, g, inset in j, m, p) . Merge images of all but Hoechst stainings are shown in (d, h, k, n, q) . In the dorsal part of the third ventricle, ependymal cells express Sox2 and vimentin (empty arrowheads, with very occasional nestin co-labeling (a-d, white arrowhead). In the ventral part of the third ventricle, dorsal (arrow a) and ventral (arrow b) tanycytes co-express Sox2, nestin, and vimentin. While the third ventricle wall is composed by a regular layer of ependymal cells in the mouse (a, e) and gray mouse lemur (l, o) , that of the rat shows thickenings frequently protruding inside the ventricle (crossed arrows in i).
The yellow asterisk in (p) shows a capillary wrapped by tanycyte processes. Note that both tanycyte processes and endothelial cells are vimentin-immunoreactive (see Figure 10j for examples of vimentin-positive capillaries). Nuclei were counterstained with Hoechst (blue, a, e, i, l, o). 3V, third ventricle; Arc, arcuate nucleus; ME, median eminence; PT, pars tuberalis. Scale bars 5 50 mm [Color figure can be viewed at wileyonlinelibrary.com] between the lateral and the third ventricular border was the higher degree of irregularity in the aspect of the third ventricular border that exhibited frequent invaginations of ependymal cells, highly variable width of the gap and thickness of the ribbon. Such heterogeneity may explain why the hypothalamic ribbon was not previously identified from small samples of the human third ventricular wall (Sanai et al., 2004) . In both the lateral and the third ventricles, we observed occasional bulges of the wall characterized by an interruption of the ependymal layer and enrichment in NPC markers. Such protrusions are described by neuropathologists as nodular gliosis (or ependymal granulations or nodular ependymitis). Even though they have been associated with central nervous system infection or ventriculomegaly (Johnson & Johnson, 1972; Shook et al., 2014) , they are also observed in non-pathological brains and occur at a similar rate in young (20-40 years) and aged brains (60 and over) (Gilmore & Bouldin, 2002; Johnson & Johnson, 1972) . The suggested origin for these structures is a proliferation of subependymal glial cells (Gilmore & Bouldin, 2002) as a consequence of reactive gliosis. Reactive gliosis involves several characteristic features including cellular hypertrophy, up-regulation of GFAP expression (Sofroniew, 2005) and can be accompanied by the re-expression of NPC markers such as nestin and vimentin (Goc, Liu, Sisodiya, & Thom, 2014; G€ otz et al., 2015) . While the ventricular pro- (Shook et al., 2014) , which lack a ventricular ribbon.
Co-expression of NPC markers was also detected in a substantial fraction of human third ventricle ependymal cells. Whether ependymal cells have neural stem cell properties has been a matter of debate since almost two decades but recent rodent studies suggest that they do not (discussed in (Pastrana, Silva-Vargas, & Doetsch, 2011) . Accordingly, and in agreement with in situ expression profile data (Allen brain atlas), rodent third ventricle ependymal cells showed ubiquitous and robust Sox2 and vimentin immunoreactivity, while most of them exhibited low to undetectable levels of nestin. Notably, studies using different expression profiling strategies and/or different antibodies (Chaker et al., 2016; Chen, Wu, Jiang, & Zhang, 2017; Lin et al., 2015; Mirzadeh et al., 2017; Robins et al., 2013) have reported variable results as to the presence of nestin in ependymal cells of the rodent third ventricle.
Whether these apparently discrepant results reflect the existence of several alternative splicing-derived isoforms and/or post-translational modifications, some of them being more specific to stem cells, remains to be determined. Another population of NPC marker-co-expressing cells seen in the human hypothalamus but not in the other species was found in the suprachiasmatic nucleus. In mammals, the suprachiasmatic nucleus is the endogenous masterclock that coordinates endogenous rhythms with the external light-dark cycle thereby controlling circadian physiology and behavior. We also found a rich population of Sox2- Summary of the expression of NPC markers in the adult hypothalamus of the mouse, rat and gray mouse lemur Occasional small vimentin-positive stellate cells were detected in the parenchyma surrounding the dorsal part of the third ventricle. NA, not available.
FIG URE 10
Expression of NPC markers in the suprachiasmatic nucleus of the mouse (a-d), rat (e-h) and gray mouse lemur (i-k). A high density of Sox2-expressing cells (magenta) is detected in the suprachiasmatic nucleus of all three species (a, e, i). In the mouse, the suprachiasmatic nucleus is devoid of vimentin (b) and nestin (d) immunoreactivity. In the rat, it also lacks vimentin expression (h) but contains nestin-immunoreactive capillaries (f, g, arrows with stars). In both species, the third ventricle ependymal layer (empty arrowheads) expresses Sox2, vimentin but shows low to undetectable levels of nestin. In the gray mouse lemur, the suprachiasmatic nucleus contains rare vimentin-immunoreactive elements that do not co-express Sox2 (arrows with stars in j, k point to capillary sections; arrows in i-k show Sox2-immunonegative/vimentin-positive cells). The mouse lemur third ventricle is lined by Sox2 and vimentin-immunoreactive ependymal cells (i-k, empty arrowheads). Nuclei were counterstained with Hoechst (a, c, e, g, i, k, blue). 3V, third ventricle; oc, optic chiasm; SCh, suprachiasmatic nucleus. Scale bars 5 50 mm [Color figure can be viewed at wileyonlinelibrary.com] expressing cells in the mouse, rat, and gray mouse lemur suprachiasmatic nucleus. However, these cells did not co-express nestin and/or vimentin, suggesting that they are not NPCs. Accordingly, a previous study showed that Sox2-positive cells in the rodent suprachiasmatic nucleus mostly co-expressed neuronal markers (Hoefflin & Carter, 2014) . In the human suprachiasmatic nucleus, we did not find evidence for the expression of GLAST and Sox2 in NeuN-positive mature neurons. It must be noted that NeuN immunostaining is weak and only reveals a small fraction of suprachiasmatic nucleus neurons, as previously shown in the rat (Geoghegan & Carter, 2008) , calling for caution (Goodman & Hajihosseini, 2015) . In agreement with previous studies (Bennett et al., 2009; Haan et al., 2013; Lee et al., 2012; P erez-Martín et al., 2010; Robins et al., 2013) , we here confirm that rodent tanycytes express NPC markers and expand these results to the gray mouse lemur concerning the two markers analysed, Sox2 and vimentin. In contrast to the ventricular ribbon that is only seen in humans, our study and others show that mice, rats, sheep (Batailler et al., 2014) , gray mouse lemur, and humans (Baroncini et al., 2007; Koopman et al., 2017; Sidibe et al., 2010) share NPC markerexpressing tanycytes. In adult mice, lineage-tracing studies have shown that tanycytes give birth to neurons that populate nearby hypothalamic regions including the arcuate and ventromedial nuclei (Chaker et al., 2016; Haan et al., 2013; Robins et al., 2013) . Interestingly, DCXexpressing cells are detected in the arcuate and ventromedial nuclei of the sheep and human hypothalamus (Batailler et al., 2014) , raising the possibility that tanycytes may also be neurogenic in these species.
At present, the organization of the rodent hypothalamic stem cell niche remains vague. While we find in the human hypothalamus a gapand-ribbon organization reminiscent of that found in the human SVZ (Sanai et al., 2004) , the situation is different in rodents in which the architecture of the SVZ stem cell niche is not recapitulated in the hypo- Neuroanatomical (Eriksson et al., 1998; Knoth et al., 2010) and, more recently,
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C dating studies (Spalding et al., 2013) , have brought evidence that a neurogenic niche exists in the human hippocampus.
Here, we failed to detect a population of NPC marker-expressing cells in the dentate gyrus of the human hippocampus. In an extensive immunofluorescent study of neurogenesis-associated markers in the human hippocampus, Knoth and colleagues (2010) did not find radial cells, the putative neural stem cells in the rodent hippocampus (von Bohlen und Halbach, 2011) but detected Sox2/DCX-and nestin/DCX-co-expressing cells, that is, early neuronal precursors, in humans up to 79 and 100 years of age, respectively. However, the expression of these markers declined with age. Since our study was conducted on samples from aged brains ( 77 year old), we cannot rule out the possibility that we missed these cells if present in very low number.
In the present study, our criteria for identifying NPCs were based on their molecular signature. However, proving that these cells are bona fide neural stem cells will require functional arguments, which is challenging in human studies. Neural stem cells are defined by two canonical properties, the ability to extensively self-renew and to differentiate into all three neural lineages, that is, neuronal, astroglial and oligodendroglial. Even if it has some limitations, the neurosphere assay is commonly used to probe in vitro whether a tissue contains cells with neural stem cell properties (Pastrana et al., 2011) . A study reported the possibility to grow neurospheres from rapid autopsy samples of SVZ from elderly human subjects (Leonard et al., 2009) . A key to success certainly resides in the short post-mortem interval (less than 5 hr in the study by (Leonard et al., 2009 ) and may explain our inability to grow neurospheres from hypothalami with post-mortem intervals over 7 hr, the shortest post-mortem delay reached in our study (unpublished observations). Future neuroimaging developments enabling to detect and measure levels of adult neurogenesis in living human brains (Ho, Hooker, Sahay, Holt, & Roffman, 2013) are eagerly awaited.
Comparative studies of adult neurogenesis in the two classical niches have revealed a great diversity in this process among species (Lindsey & Tropepe, 2006) . The general view that adult neurogenesis has undergone a phylogenetic reduction has recently been reevaluated to propose that this process may rather have evolved to optimize the functioning of neuronal networks that have to deal with new situations (Kempermann, 2012) . Even though we need comparative data from many more species to start to draw a phylogenetic tree of adult hypothalamic neurogenesis, our results raise the intriguing possibility that the human brain may have expanded its hypothalamic neural stem cell niche compared to rodents and lemur primates. Whether this translates into higher functionally relevant neurogenesis and a higher degree of plasticity and adaptability in hypothalamic circuits will be challenging future questions to address. for mass spectrometry analysis.
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